[Supplemental material is available online at http://www.genome.org. The sequencing data from this study have been submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession no. GSE20421.] Phenotypic differences between species can arise from genetic changes affecting the function of gene products as well as their expression. Although there has been extensive debate over the relative importance of these two different types of changes (Carroll 2005; Hoekstra and Coyne 2007; Wray 2007; Stern and Orgogozo 2008) , they both clearly contribute to phenotypic evolution. Functional divergence of a gene product has historically been much easier to detect than expression divergence; however, advances in methods for measuring gene expression during the last decade have made differences in gene expression much easier to identify. For example, microarray-based studies of gene expression in Drosophila have found that 20% of genes show expression differences between individuals of the same species (Genissel et al. 2008 ) and 34%-48% of genes show expression divergence between species (Ranz et al. 2003 (Ranz et al. , 2004 Rifkin et al. 2003; Nuzhdin et al. 2004) . Similarly, in vertebrates, expression differences have been detected for 33% of genes between individuals of the same species (Schadt et al. 2003 ) and 35% of genes for individuals from different species (Hsieh et al. 2003 ; for more complete reviews of expression differences within and between species, see Gibson and Weir 2005; Ranz and Machado 2006; Rockman and Kruglyak 2006; Whitehead and Crawford 2006) .
Identifying the genetic changes underlying expression divergence, however, remains challenging. This is because gene expression is controlled by biochemical interactions between cisregulatory DNA sequences and trans-acting RNAs and proteins that form a complex network. Every component of this network is a potential target for regulatory divergence. Indeed, most expression differences between species appear to be polygenic (Gibson and Weir 2005) , indicating that multiple genetic changes have occurred that affect expression of even a single gene. Differences in the architecture of gene-specific regulatory networks (as well as differences among genes for other genomic features) complicate this matter further because they make some genes more susceptible to particular types of regulatory changes than others (Wittkopp 2005; Landry et al. 2007) .
Distinguishing between cis-and trans-acting sources of expression differences is important because these molecular mechanisms can influence the way in which gene expression levels are inherited and evolve (e.g., Ronald and Akey 2007) . For example, like most traits, gene expression levels can be inherited additively or nonadditively ; cis-regulatory changes appear to have additive effects on gene expression more often than trans-regulatory changes (Lemos et al. 2008) . Such additive alleles affect the phenotype in heterozygous individuals and are thus readily ''visible'' to selection. Another example comes from a study of mutation accumulation lines in Caenorhabditis elegans (Denver et al. 2005) , which found that selection in natural populations eliminated most trans-acting mutations that affected expression of many genes. Such a pattern of selection could cause cis-regulatory mutations to accumulate preferentially over time, and cis-regulatory divergence does indeed appear to increase with divergence time (Lemos et al. 2008; Wittkopp et al. 2008) .
The net effects of cis-and trans-regulatory changes on total expression divergence can be estimated by comparing the magnitude of the expression difference between two genotypes of interest to the relative allelic expression in F 1 hybrids produced by crossing these two genotypes. This is because allele-specific measures of gene expression in heterozygotes reflect the relative activity of two cis-regulatory alleles in the same trans-regulatory cellular environment (Cowles et al. 2002) . The fraction of the total expression difference between the two genotypes of interest that is not explained by cis-regulatory divergence is attributed to transregulatory divergence (Wittkopp et al. 2004) . Until recently, applications of this method for studying regulatory evolution have been limited by the paucity of techniques that could distinguish between mRNA molecules derived from different alleles of the same gene in a high-throughput manner. Advances in sequencing technology, however, are beginning to change this (e.g., Mortazavi et al. 2008; Serre et al. 2008; Wang et al. 2008; Main et al. 2009; ). Furthermore, sequencing-based quantification of gene expression simultaneously can measure total transcript abundance and relative allele-specific mRNA abundance for each gene, can analyze an entire genome in a single experiment, and does not necessarily require genomic sequence information a priori (although the availability of reference genomes simplifies the analysis).
Here, we use next-generation sequencing to examine regulatory divergence between Drosophila melanogaster and Drosophila sechellia, which diverged ;1.2 million years ago (Cutter 2008) . After extensively validating measures of gene expression derived from our sequencing data, we examined the extent of regulatory divergence, the relative contribution of cis-and trans-regulatory changes, the inheritance of gene expression levels, and the relationships between these properties and other genomic features, such as sequence divergence. We also specifically examined regulatory evolution of genes thought to contribute to a derived phenotype in D. sechellia (Supplemental material). Taken together, these data provide a comprehensive study of regulatory divergence between species.
Results and Discussion
Using deep sequencing to measure mRNA abundance Gene expression was quantified by paired-end sequencing (mRNAseq) of cDNA libraries prepared using RNA extracted from 2-d-old D. melanogaster, D. sechellia, and F 1 hybrid females produced by crossing D. melanogaster females to D. sechellia males. (Female flies were used for this work because they allow analysis of relative allele-specific expression for genes on the X chromosome, as well as those on the autosomes.) The transcriptomes of D. melanogaster and D. sechellia were sequenced individually and as a ''mixed parental'' cDNA pool produced using equal amounts of RNA from each species (Fig. 1A) . We obtained 26, 31, and 42 million sequence reads (13, 15.5, and 21 million mate pairs) from the D. melanogaster, D. sechellia, and mixed parental libraries, respectively, and 78 million sequence reads (39 million mate pairs) from the hybrid library (Table 1) .
Sequence reads from the individual D. melanogaster and D. sechellia samples were aligned to the respective D. melanogaster (Adams et al. 2000; Celniker et al. 2002) and D. sechellia (Drosophila 12 Genomes Consortium 2007) reference genomes to identify reads that mapped uniquely and without mismatches. Sequence reads from the mixed parental and hybrid samples were independently aligned to both the D. melanogaster and D. sechellia genomes (Fig.  1B) , and reads that mapped to only one genome were assigned to that species (Table 1) . In some cases, reads that matched both species (''common'' in Table 1 ) could be assigned to one species or the other based on the sequence of the mate-pair. Reads that could not be unambiguously mapped to either D. melanogaster or D. sechellia were excluded from further analysis. Each read was then assigned to a specific gene based on annotations of the D. melanogaster genome (FlyBase 5.11) and their corresponding sequences in the D. sechellia genome (see Methods). Over 90% of all aligned reads mapped to annotated exons, and 93%-94% of these mapped to constitutive exons that appear in all known isoforms of a gene (Table 1 ). To eliminate complications from alternative isoforms, only the reads mapping to constitutive regions of exons were used for our analyses. In all, 81% and 80% of genes in D. melanogaster and D. sechellia, respectively, were represented by at least one sequence read in the mixed parental sample.
To examine the accuracy of computational methods used to assign reads to D. melanogaster or D. sechellia, as well as to evaluate the reproducibility of expression levels measured in replicate mRNA-seq experiments, we compared the gene expression levels observed in individual D. melanogaster and D. sechellia libraries to the species-specific expression inferred from the mixed parental pool. Measurements of relative gene expression (M/S) between D. melanogaster (M) and D. sechellia (S) were similar in the mixed parental and single species libraries when comparing all orthologous genes (R 2 > 0.81). Excluding the 7% of genes with fewer than 20 mapped reads in both species combined (i.e., M + S < 20) produced an even greater correlation ( Fig. 1C ; R 2 > 0.91). Only genes that exceeded this minimum read number threshold (i.e., M + S $ 20) were used for subsequent analyses. The accuracy of our computational allele assignments was also investigated by examining sequences derived from mitochondrial genes in the F 1 hybrid sample. Because D. melanogaster females were used to produce the F 1 hybrids, all mitochondrial mRNAs should originate from this species. Indeed, 139,295 of the 140,467 (99.2%) sequence reads that mapped to mitochondrial genes were assigned to D. melanogaster, indicating a combined error rate of 0.8% for sequencing and species-specific allele assignment.
Finally, to determine the consistency of gene expression levels measured using different techniques, we compared estimates of relative allelic expression derived from our mRNA-seq data to estimates of relative allelic expression determined using pyrosequencing (Ahmadian et al. 2000; Wittkopp et al. 2004) . Fifteen genes, with sequence coverage ranging from 212 to 6860 mapped reads per gene (Supplemental Table S1 ), were analyzed using pyrosequencing in the hybrid and mixed parental cDNA samples. In both cases, we found that pyrosequencing measurements of relative gene expression were strongly correlated with those derived from mRNA-seq data (mixed parental: R 2 = 0.84; F 1 hybrids: Fig. 1D ).
Wide-spread expression divergence between Drosophila species
To characterize expression divergence between D. melanogaster and D. sechellia, we compared total levels of gene expression for the 9966 genes that had at least 20 total mapped reads in the mixed parental pool (i.e., M + S $ 20). Binomial exact tests with an experiment-wide false discovery rate (FDR) of 0.5%, which corresponded to a significance threshold of P = 0.024 (Storey and Tibshirani 2003) , were used to identify genes that were differentially expressed between species. 7739 (78%) of the genes studied were detected as significantly differentially expressed between species (39 false-positives expected), including genes with previously identified mutant alleles in one or both of the parental strains (Supplemental Fig. S1 ). Over half (64%) of the 7739 differentially expressed orthologous genes had lower expression in D. sechellia ( Fig. 2 ; M/S > 1). This is a significant deviation from a neutral model assuming that increases and decreases in gene expression are equally likely to have occurred in both species since they diverged from their last common ancestor (binomial exact tests, P < 2 3 10 À16 ). Interestingly, a similar pattern was also reported for Drosophila simulans and D. sechellia based on a microarray analysis of mRNA from adult bodies: 90% of the 130 genes shown to have significant expression differences between species had lower expression in D. sechellia than D. simulans (Dworkin and Jones 2009) . Of these 130 genes, 107 were also detected as differentially expressed in our study, 80% of which showed an expression difference between D. sechellia and D. melanogaster in the same direction as that observed between D. sechellia and D. simulans (Supplemental Fig. S2 ; Kendall's tau (t) = 0.44, P = 2.6 3 10 À11 ). D. simulans and D. sechellia last shared a common ancestor ;0.4 million years ago (Kliman et al. 2000; Cutter 2008) . Given the phylogenetic relationships among these three species, the divergence of D. sechellia expression relative to D. melanogaster and D. simulans suggests that many of the mutations contributing to these interspecific expression differences are unique to the D. sechellia lineage.
Cis-and trans-regulatory differences underlying expression divergence between D. melanogaster and D. sechellia
As described in the introduction, expression differences between species can arise from changes in either cis-or trans-regulation. cisregulatory sequences have allele-specific effects on gene expression, whereas trans-regulatory factors impact expression of both alleles in a diploid cell. Comparing relative allelic expression in hybrids to relative expression between the parental strains allows these two types of changes to be distinguished ( Fig. 3A ; Wittkopp et al. 2004) . In hybrids, the maternal and paternal cis-regulatory alleles are exposed to the same set of trans-acting factors; thus, the relative allelic expression in hybrids provides a direct readout of relative cis-regulatory activity (Cowles et al. 2002) . (Note that this assumes that expression of each allele is independent of the other allele; that is, there is no transvection.) We calculated cis-regulatory divergence as the log 2 -transformed ratio of reads mapping to D. melanogaster and D. sechellia in the hybrid sample: log 2 (M F1 /S F1 ). Expression differences observed between species that were not attributable to cis-regulatory divergence were assumed to be caused by trans-regulatory divergence (Wittkopp et al. 2004) , and transregulatory divergence was calculated as the difference between log 2 -transformed ratios of species-specific reads in the mixed parental and hybrid samples: log 2 (M MP /S MP ) À log 2 (M F1 /S F1 ). Binomial exact tests and Fisher's exact tests, with an FDR of 0.5%, were used to identify genes with significant cis-and/or transregulatory divergence (Supplemental Table S2 ). Using alternative FDR cutoffs of 1% and 5% had minimal effect on the patterns observed (Supplemental Table S3 ).
All 9966 genes with at least 20 mapped reads in the mixed parental pool (M + S $ 20) were tested for evidence of cis-and transregulatory divergence by comparing allele-specific expression in the mixed parental and hybrid samples. This analysis was also performed using minimum read thresholds of 50, 100, and 200, and all showed similar results (Supplemental Table S4 ). Of the 9966 genes with at least 20 mapped reads, 6546 (66%) showed evidence of significant trans-regulatory divergence and 5042 (51%) genes showed significant evidence of cis-regulatory divergence, with 3473 (35%) of these genes showing significant evidence of both (Supplemental Table S2 ). The median significant trans-regulatory difference between species (1.89-fold) was larger than the median cis-regulatory difference between species (1.43-fold; Wilcoxon's rank-sum test, P < 2.2 3 10 À16 ; Fig. 3B ), and expression differences between species correlated more strongly with trans-regulatory divergence (t = 0.65, P < 2.2 3 10 À16 ) than cis-regulatory di-
). However, the amount of total regulatory divergence explained by cis-regulatory differences (% cis) increased with the magnitude of expression divergence (Fig.  3C ). Over one thousand (1222) genes showed no evidence of significant expression differences between species nor any significant evidence of cis-or trans-regulatory divergence and were classified as ''conserved.'' An ''ambiguous'' pattern of significance tests was shown in 1051 genes (e.g., significant expression divergence between species, but no significant evidence of cis-or trans-regulatory differences), and were excluded from further analysis.
The 3473 genes with significant evidence of both cis-and trans-regulatory differences were subdivided into three groups: ''cis + trans,'' differentially expressed genes for which both cis-and trans-regulatory divergence favored expression of the same allele; ''cis 3 trans,'' differentially expressed genes for which cis-and transregulatory divergence favored expression of opposite alleles; and ''compensatory,'' genes with no significant expression differences between species, despite evidence for both cis-and trans-regulatory divergence. These classes are identical to those used previously (Landry et al. 2005 ; see Methods for classification procedures). Genes in the amounts of 1703, 1187, and 583 fell into the cis + trans, cis 3 trans, and compensatory categories, respectively ( Fig. 3D ; Supplemental Table S3 ). Genes classified as cis + trans are more likely to have divergent expression resulting from directional selection than genes classified as cis 3 trans or compensatory (Tirosh et al. 2009 ), whereas genes that fall into the latter classes may contribute to hybrid incompatibilities (Landry et al. 2005) .
The frequency and magnitude of cis-and trans-regulatory changes we observed between D. melanogaster and D. sechellia show a larger relative contribution of trans-regulatory changes to expression divergence than was reported for D. melanogaster and D. simulans (Wittkopp et al. 2004; Wittkopp et al. 2008; Graze et al. 2009 ). While this pattern may reflect differences in the sensitivity of methods used in different studies, it may also reflect the unique evolutionary history of D. sechellia. This species is an island endemic that exhibits little intraspecific genetic variation and appears to have maintained a much smaller population size than D. melanogaster or D. simulans, since it was established (Kliman et al. 2000; Legrand et al. 2009 ). Consequently, natural selection is expected to have been less efficient in D. sechellia than in these other species, suggesting that many divergent sites in D. sechellia may have been fixed by genetic drift rather than selection.
Mechanisms of regulatory divergence influence the inheritance of gene expression
One of the main advantages of mRNA-seq over other techniques used to measure allelic expression is that it simultaneously 
Interspecific regulatory divergence in
measures total levels of gene expression and relative allelic expression. By comparing total expression levels among D. melanogaster, D. sechellia, and their hybrids, we determined the mode of inheritance for expression of 7739 divergently expressed genes. As shown in Figure 4A , genes for which expression in the hybrid was less than D. melanogaster and greater than D. sechellia (or vice versa) were classified as additive; genes for which expression in the hybrid was similar to one of the parents were classified as dominant; and genes for which expression in the hybrid was either greater than or less than both D. melanogaster and D. sechellia were considered misexpressed and classified as over-dominant and under-dominant, respectively. Regardless of statistical significance, any pair of genotypes with expression that differed less than 1.25-fold was considered to have similar expression for this analysis ). Consequently, despite showing a statistically significant difference in expression between species, 440 genes (6%) were classified having conserved expression in this analysis.
Of the remaining 7299 genes, 1183 (16%) were classified as additive, 3598 (49%) were classified as dominant, and 2518 (35%) were misexpressed in hybrids with 564 (8%) classified as over-dominant and 1954 (27%) classified as underdominant (Fig. 4B) . Interestingly, 3026 (84%) of the 3598 dominant genes showed D. sechellia-like expression, and overall gene expression levels in hybrids were more similar to D. sechellia than D. melanogaster (Fig. 4C) . These inheritance patterns are expected to primarily reflect dominance relationships between orthologous alleles; however, because mRNA was extracted from whole flies for this study, expression levels are also affected by differences in the abundance of cell types expressing a particular gene. For example, D. sechellia produces fewer ovarioles than D. melanogaster (Jones 2004) , suggesting that mRNA from genes expressed primarily in these cells will be less abundant in D. sechellia than D. melanogaster, even if the number of mRNA molecules produced per cell is conserved. Similarly, hybrids with D. melanogaster often lack ovary tissue (Santamaria 1977) and this would cause a gene to show under-dominant inheritance in our analysis (Ranz et al. 2004) .
To examine the relationship between dominance and the molecular mechanisms of regulatory divergence, we tested whether genes with cis-regulatory divergence were more likely to show additive inheritance than genes with trans-regulatory divergence. Such a pattern was reported for variation within D. melanogaster (Lemos et al. 2008) and is expected because transcripts from the maternal and paternal alleles are assumed to contribute independently to total levels of hybrid gene expression. Comparing the amount of total regulatory divergence attributable to cis-regulatory differences (% cis) between sets of genes with additive and nonadditive inheritance showed that the median percent cis was indeed significantly higher for genes with additive (39%) than those with nonadditive (24%) inheritance (Wilcoxon's rank-sum test, P < 2 3 10 À16 ; Fig. 4D ). The magnitude of the cis-regulatory difference between species-specific alleles was also greater for genes with additive (median = 1.67-fold) than those with nonadditive (median = 1.20-fold) expression (Fisher's exact test, P < 2.2 3 10
À16
). Finally, we used our mRNA-seq data to explore the possibility that regulatory divergence contributes to hybrid incompatibilities. Over time, the interaction of cis-regulatory sequences with transregulatory factors can co-evolve, causing divergence at the biochemical level between species. When such co-evolution occurs, cis-and trans-regulatory elements may interact incorrectly in hybrids, causing misexpression. Landry et al. (2005) found that cis-and trans-regulatory changes with opposite effects on gene expression Figure 3 . Dissecting cis and trans regulatory differences. (A) Two hypothetical regulatory divergence scenarios are shown. In the top section, a cis-regulatory change in D. sechellia (pink boxes) causes a reduction in affinity for both the conserved D. melanogaster and D. sechellia transcription factors (orange circles). In the bottom section, a trans-regulatory change in a D. sechellia transcription factor (pink circles) reduces its binding affinity for the conserved D. melanogaster and D. sechellia cis-regulatory sequences (orange boxes). The relative expression level is indicated by the promoter arrow thickness. The size of the one-sided arrows show the relative ''on'' and ''off'' rates for the transcription factor binding to the cis-regulatory DNA sequence. Note that the cis-regulatory change affects expression of only the D. sechellia allele in F 1 hybrids, whereas the trans-regulatory change affects expression of both the D. melanogaster and D. sechellia alleles. (B) Box plots summarize the fold expression differences resulting from cis and trans regulatory divergence. (C ) The distribution of percent cis is shown for six groups of genes that differ in the magnitude of total expression divergence between species. Genes were binned based on the absolute value of log 2 -transformed expression divergence (|log 2 (M/S)|), and 4086, 2590, 625, 171, 104, and 163 genes were contained within bins 0-1, 1-2, 2-3, 3-4, 4-5, and >5, respectively. Nonoverlapping notches depict statistically significant differences in the median percent cis between pairs of bins. (D) Plot summarizes the relative, allele-specific expression levels in parental and hybrid data sets. Each point represents a single gene and is color-coded according to the mechanism of regulatory evolution inferred from a hierarchical series of statistical tests (FDR = 0.5%; Supplemental Fig.  S4 ). The bar graph depicts the number of genes in each category.
(cis 3 trans) were enriched in a set of 23 genes misexpressed in the hybrids of D. melanogaster and D. simulans. Consistent with this much smaller survey, we found that 21% (n = 521) of the 2518 misexpressed genes in hybrids between D. melanogaster and D. sechellia showed cis 3 trans regulatory divergence, compared with only 12% (n = 591) of the 4781 genes with additive or dominant inheritance (Fisher's exact test, P = 3.6 3 10
À15
). Thus, our data support a model in which cis-and trans-regulatory divergence with opposite effects on gene expression contributes to misexpression in hybrids, and may therefore also contribute to hybrid incompatibilities.
Genomic features that correlate with cis-regulatory divergence
Unlike trans-regulatory divergence, cis-regulatory divergence is expected to be caused by changes in DNA sequence near the affected gene. To test this hypothesis, we examined the frequency of nucleotide substitutions, insertions, and deletions in the 1 kb of DNA sequence located immediately 59 of each gene's transcription start site. As expected, genes with significant cis-regulatory divergence (n = 1056) had more sequence changes (substitutions and indels) than genes without significant cis-regulatory divergence (n = 891), with medians of 14.8% vs. 13.9% sequence divergence, respectively (Fisher's exact test, P < 0.006). This difference was observed throughout the 1-kb region surveyed (Supplemental Fig. S5 ). In addition, the magnitude of cis-regulatory divergence (|M F1 /S F1 |) showed a small, but significant, correlation with the extent of sequence divergence (t = 0.05, P < 0.009, N = 1056), as well as with the frequency of indels (t = 0.06, P < 0.006), suggesting that more divergent promoter sequences have greater cis-regulatory divergence. Similar patterns have previously been reported for expression variation and sequence divergence in other organisms (e.g., Tirosh et al. 2009; Zhang and Borevitz 2009) , suggesting that sequence divergence generally correlates with cis-regulatory divergence. We also observed a small, but significant, positive correlation between the size of the upstream intergenic region (measured as the distance in kilobases between adjacent genes) and the magnitude of cis-regulatory divergence (t = 0.03, P = 0.002, N = 4481): The median size of the upstream intergenic region was larger for genes with significant cis-regulatory divergence than for genes without (597 and 506 bp, respectively; Wilcoxon's rank-sum test, P < 0.0002). Genes with larger upstream intergenic regions may tend to show greater cis-regulatory divergence because these regions contain more cisregulatory elements (Nelson et al. 2004 ).
Unexpected patterns of regulatory divergence between D. melanogaster and D. sechellia
In addition to illustrating the power of mRNA-seq as a tool for investigating regulatory divergence, this study provides novel insight into the evolution of gene expression between D. melanogaster and D. sechellia. For example, we observed an excess of Cold Spring Harbor Laboratory Press on October 10, 2014 -Published by genome.cshlp.org Downloaded from regulatory changes that decrease expression in D. sechellia, as well as many more dominant regulatory alleles in D. sechellia than D. melanogaster. These findings appear to contradict a simple null model in which regulatory mutations with different types of effects are fixed at similar rates in the two lineages. We also observed fewer genes affected by cis-regulatory divergence than were reported for D. melanogaster and D. simulans (Wittkopp et al. 2008) , which have approximately the same divergence time. As discussed above, this difference may reflect the fixation of many (presumably trans-acting) deleterious alleles in D. sechellia facilitated by a dramatic reduction in population size, and we predict that other species with similar demographic histories may also exhibit less cis-regulatory divergence than species that have maintained large population sizes throughout their history. Of course, positive selection may also have contributed to the higher than expected proportion of genes with trans-regulatory divergence. D. sechellia has undergone extensive environmental specialization (Jones 2005) , and work in yeast suggests that divergent expression of genes responding to the environment may be preferentially caused by trans-regulatory changes (Tirosh et al. 2009 ). To explore this idea further, a detailed discussion of regulatory divergence putatively affecting the evolution of divergent feeding behavior in D. sechelllia is provided in the Supplemental material.
Emerging trends in Drosophila regulatory evolution
In addition to revealing features of regulatory evolution unique to D. melanogaster and D. sechellia, the comprehensive nature of this study allowed us to explore the potential generality of trends reported in prior (often smaller scale) studies. First, we found that 84% of differentially expressed genes showed nonadditive (i.e., dominant, over-dominant, or under-dominant) inheritance of expression levels between D. melanogaster and D. sechellia, which is consistent with the extensive nonadditive inheritance of gene expression reported within D. melanogaster and between D. melanogaster and D. simulans (Ranz et al. 2004 ). However, only 35% of differentially expressed genes between D. melanogaster and D. sechellia were classified as misexpressed in F 1 hybrids, compared with 69% of genes that were differentially expressed in D. melanogaster and D. simulans (Ranz et al. 2004) . In both analyses of interspecific hybrids, underexpression was more common than overexpression. Second, antagonistic interactions between cis-and trans-regulatory elements were found to be more common among misexpressed than nonmisexpressed genes in our analysis of 7355 differentially expressed genes, just as they were in a comparison of 31 genes between D. melanogaster and D. simulans (Landry et al. 2005) . Third, our data indicate that cis-regulatory divergence contributes more to expression differences between species for genes that show additive (as opposed to nonadditive) inheritance, consistent with a previous study of genes on the second chromosome of D. melanogaster (Lemos et al. 2008) . Finally, we found that cis-regulatory divergence correlates with sequence divergence of proximal promoters and the size of upstream intergenic sequences, consistent with prior studies of species from different biological kingdoms (e.g., Tirosh et al. 2009; Zhang and Borevitz 2009) .
This study provides a significant advance in understanding regulatory evolution on a genomic scale, yet it reveals evolutionary changes that affect only a single developmental time point, under a single set of conditions, and for a single species pair. We expect many of the general trends reported here to be robust to these variables; however, we also anticipate that a meta-analysis of similar studies conducted at different developmental stages, under different environmental conditions, and in different species will reveal insights into regulatory evolution that are not apparent when studying only a single condition. With the decreasing cost and increasing availability of high-throughput sequencing technologies, such a meta-analysis of regulatory polymorphism and divergence among different stages, species, and environmental conditions should soon be possible.
Methods
Sample preparation and sequencing
and D. sechellia strain 14021-0248.25 (wild-type) were used for this study. All flies were reared on cornmeal/molasses medium. F 1 hybrids were produced by crossing seven D. melanogaster females to ;30 D. sechellia males. Reciprocal crosses were not performed because the F 1 offspring of this cross die as embryos (Sawamura et al. 1993) . Virgin females were collected from each parental species and their F 1 hybrids shortly after eclosion and aged 2 d in isolation. For each genotype, total RNA was extracted from seven flies using TRIzol (Invitrogen). Total RNA in the amount of 4.5 mg from each species was mixed to create the mixed parental pool. Total RNA samples were treated with DNase I (Invitrogen) to remove any contaminating genomic DNA. Poly(A)+ transcripts were isolated from each sample using Dynal magnetic beads (Invitrogen) and fragmented for 2 min using the ''RNA Fragmentation Reagent'' (Ambion). Double-stranded cDNA was prepared from fragmented mRNA using random hexamer primers and SuperScriptII reverse transcriptase (Invitrogen). Following the isolation of ;370-bp fragments from a 2% agarose gel, cDNA libraries were prepared for sequencing by following the manufacturer's protocol for the Pairedend Genomic DNA Library Preparation Kit (Illumina). The D. melanogaster and D. sechellia parental libraries were each subjected to paired-end sequencing in three lanes on an Illumina Genome Analyzer II (GAII) using 27 cycles per read. The mixed parental and F 1 hybrid libraries were subjected to four and six lanes, respectively, of paired-end sequencing on a GAII using 37 cycles per read. Images were analyzed using the Firecrest and Bustard software modules to generate sequence and quality scores for each read.
Assigning reads to genes and species
Sequence reads that passed purity filtering were aligned individually to the D. melanogaster (dm3 assembly) (Adams et al. 2000; Celniker et al. 2002) and D. sechellia (droSec1 assembly) (Drosophila 12 Genomes Consortium 2007) genomes with Bowtie (Langmead et al. 2009 ) allowing for zero mismatches. Alignment results for the mixed parental and hybrid libraries were used to classify each read as either species-specific (i.e., clearly derived from D. melanogaster or D. sechellia) or common to both species. Mate-pair information was used to assign some common reads to one species or the other by virtue of their linkage to species-specific reads. These assignments were performed using a combination of publicly available (http://sysbio.harvard.edu/csb/resources/computational/scriptome/) and custom Perl scripts (see Supplemental material). Because the D. sechellia genome assembly consists of many unconnected contigs, as well as contigs containing gaps and errors, we limited our analysis to regions of the genome present in both assemblies. Gapped regions were identified from the UCSC pairwise alignment file (http://hgdownload.cse.ucsc.edu/goldenPath/dm3/vsDroSec1/) and removed using Galaxy (http://main.g2.bx.psu.edu/; Taylor et al. 2007 ). The D. sechellia genome assembly also contains multiple overlapping contigs, complicating the ability to accurately identify uniquely mapping sequence reads. To compensate for this, reads were initially allowed to map to as many as three genomic locations. The genomic coordinates of the D. sechellia specific reads were converted to D. melanogaster syntenic genomic coordinates using the UCSC lift-over tool (http://genome.ucsc. edu). Reads that mapped to multiple contigs in the D. sechellia genome, but corresponded to a single location in the D. melanogaster genome were retained for further analysis and counted once. In contrast, reads that mapped to multiple contigs in the D. sechellia genome that corresponded to multiple locations in the D. melanogaster genome were discarded (Supplemental Fig. S3) . In many cases, the number of reads mapped to a gene exceeded the number of mappable positions (i.e., gene length À read length). Therefore, identical sequencing reads were expected and were included in the final analysis to avoid imposing an artificial cap on gene expression levels based on gene length. The aligned species-specific reads were then mapped to constitutive regions of all genes (i.e., exons common to all annotated isoforms) to mask species-specific differences in isoform levels (alternative transcription start sites, splicing, and termination) that might bias expression level comparisons ( Fig. 1B; Supplemental Fig. S3 ). Gene mapping was performed using the program exonhitter.pl (see Supplemental material).
Gene expression levels are reported as the number of reads that mapped to each gene, with one exception: The number of reads reported for a gene in the mixed parental sample was adjusted such that the percentage of all species-specific reads in the mixed parental sample was equal to that observed in the F 1 hybrid sample (i.e., 51.7% D. melanogaster). This adjustment was performed to account for any imbalance caused by mixing the two parental samples to create the mixed pool. No correction for gene size was used because all comparisons were between identically sized regions of orthologous genes. In the mixed parental library, 9332 and 9256 genes had at least 20 mapped reads from D. melanogaster and D. sechellia, respectively, with 8881 genes having more than 20 reads in both species.
Eighty-five genes with at least 20 reads from both species combined (i.e., M + S $ 20) had zero read-hits from one of the two species (M = 0 or S = 0). These genes could truly not be expressed in one species, but this could also be an artifact of the bioinformatic procedures used for allele assignment. For example, if one species contained multiple paralogs of a gene, requiring unique alignments would cause all of the reads to be excluded, resulting in 0 reads. To deal with this issue, we manually curated these genes and removed 34 that were likely to be bioinformatic artifacts. For the remaining 51 genes where one species had a read count of 0 (and the other had a read count of at least 20), we changed the number of mapped reads from 0 to 1 in order to calculate ratios and perform statistical analyses on these genes (Marioni et al. 2008 ).
Pyrosequencing
New hybrid and mixed parental cDNA pools were synthesized from the same RNA samples used for Illumina sequencing. Genomic DNA was also extracted from F 1 hybrids and used to normalize cDNA measurements (Landry et al. 2005) . Pyrosequencing was performed as described previously (Wittkopp et al. 2004) . Briefly, cDNA prepared from pooled parental flies or hybrids was used for three replicate PCR amplifications and subsequent pyrosequencing reactions to determine relative expression. Pyrosequencing assays were developed for 15 genes (Supplemental Table S1 ) that had various levels of expression and cis-and trans-regulatory divergence in the mRNAseq analysis. Hybrid genomic DNA was analyzed in duplicate PCR and pyrosequencing reactions and used to account for any amplification bias. After normalization (Landry et al. 2005) , ratios of allelic expression for genes measured using Illumina and pyrosequencing were compared using linear regressions.
Cis-and trans-regulatory divergence assignment
We tested for evidence of cis-and trans-regulatory divergence using hierarchical statistical analyses (Supplemental Fig. S4 ). Three different significance thresholds were used for this analysis (FDR = 5%, 1%, and 0.5%). Only the results of the most conservative analysis (i.e., FDR = 0.5%) are discussed in the main text (but see Supplemental Table S3 ). Both the parental (P) and hybrid (H) data sets were first analyzed for evidence of differential expression using the binomial exact test, followed by FDR analysis (Storey and Tibshirani 2003) . Any significant difference in the abundance of D. melanogaster and D. sechellia alleles in the P data set was considered evidence of expression divergence, and any significant difference in the abundance of D. melanogaster and D. sechellia alleles in the H data set was considered evidence of cis-regulatory divergence. Genes found to be differentially expressed in either the P or H data sets were further analyzed for trans effects (T) by comparing species-specific mRNA abundance ratios between the P and H samples using Fisher's exact tests followed by FDR analysis. These data were also analyzed using a x 2 test with a Yates correction and >99% of the significant trans-regulatory differences identified using the x 2 test were also identified by Fisher's exact test (data not shown). We used a custom Perl script to sort genes into the following seven categories:
Cis only: Significant differential expression in P and H. No significant T. Trans only: Significant differential expression in P, but not H.
Significant T. Cis + trans: Significant differential expression in P and H. Significant T. The log 2 -transformed allele specific ratios of these genes in parental and hybrid data sets have the same sign (i.e., the species with higher expression also had the higher expressing allele in F 1 hybrids). Regulation of these genes has diverged such that cis-and trans-regulatory differences favor expression of the same allele. Cis 3 trans: Significant differential expression in P and H. Significant T. The log 2 -transformed allele specific ratios of these genes in parental and hybrid data sets have opposite signs (i.e., the species with higher expression contributed the lower expressing allele in F 1 hybrids). Regulation of these genes has diverged such that cis-and trans-regulatory differences favor expression of opposite alleles. Compensatory: Significant differential expression in H, but not P.
Significant T. Regulation of these genes has diverged such that cis-and trans-regulatory differences perfectly compensate each other, resulting in no expression difference between species. Conserved: No significant differential expression in H or P. No significant T. These genes are expressed at a similar level in each species, as well as in the hybrid, indicating conserved regulation. Ambiguous: All other patterns of significance tests, which have no clear biological interpretation.
Inheritance classifications
The mode of inheritance for differentially expressed genes was determined using R (v 2.9.0, CRAN). Total expression was normalized by dividing the number of mapped reads at each gene by the total number of mapped reads for the entire genome, and multiplying by 100 to give a percent expression value. Log-transformed percent 
